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The propagation of TeV gamma rays can be strongly modified by B-field induced conversion to
axionlike particles (ALPs). We show that, at such high energies, photon dispersion is dominated by
background photons—the only example where photon-photon dispersion is of practical relevance.
We determine the refractive index for all energies and find that, for fixed energy density, background
photons below the pair-production threshold dominate. The cosmic microwave background alone
provides an “effective photon mass” of m2γ = −(1.01 neV × ω/TeV)2 for ω . 1000 TeV. The
extragalactic background light is subdominant, but local radiation fields in the galaxy or the source
regions provide significant contributions. Photon-photon dispersion is small enough to leave typical
scenarios of photon-ALP oscillations unscathed, but big enough to worry about it case by case.
I. INTRODUCTION
Astronomy with TeV gamma rays has opened a new
window to the universe, allowing us to study a plethora
of fantastic sources of very high-energy photons [1–5]. In
addition to the sources themselves, we can study inter-
vening phenomena. In particular, the radiation emitted
by all stars, the extragalactic background light (EBL),
absorbs photons by γγ → e+e−. As a result, the
TeV γ-ray horizon is only some 100 Mpc and the ob-
served source spectra are strongly modified. One can
use this effect to explore the EBL which is hard to mea-
sure directly [6–8]. More fundamentally, the fast time
structure of certain sources allows one to constrain novel
dispersion effects, for example by Lorentz invariance vi-
olation [9–11].
We are here concerned with another effect at the low-
energy frontier of elementary particle physics [12–15], the
conversion of photons into axionlike particles (ALPs) in
large-scale magnetic fields [16, 17], enabled by the two-
photon vertex of these hypothetical low-mass bosons.
The conversion γ → a modifies the source spectra. The
conversion and subsequent back conversion γ → a → γ
allows TeV gamma rays to “propagate in disguise” and
evade absorption by e+e− pair production [18–43]. This
effect is a possible explanation of the cosmic transparency
problem, i.e., TeV gamma rays seem to travel further
than allowed by typical EBL estimates. At the very least,
this effect represents a systematic uncertainty when prob-
ing the EBL with TeV gamma rays.
Photon and ALP propagation and conversion is most
easily studied in analogy to neutrino flavor oscillations
[17, 44]. A wave of frequency ω and amplitude A evolves
in the x direction according to −i∂xA = nrefrωA, where
nrefr is the refractive index which gives us the wave num-
ber by k = nrefrω. We write nrefr = 1+χ+iκ and assume
|χ+iκ|  1. The real part χ describes dispersion and the
imaginary part κ absorption. A has three components,
the photon amplitude A⊥ with polarization perpendicu-
lar to the transverse B-field, A‖ parallel to it, and the
ALP amplitude a, i.e., A = (A⊥, A‖, a), and χ and κ are
now 3×3 matrices. The off-diagonal χ elements cause
oscillations between different A-components such as the
Faraday effect, where electrons in the longitudinal B-field
instigate a rotation of the plane of polarization.
ALPs interact with photons by Laγ = gaγE · B a in
terms of the electric, magnetic, and ALP fields whereas
gaγ is a coupling constant of dimension inverse energy.
An external transverse magnetic field BT couples A‖
with a and provides an off-diagonal refractive index
χaγ = gaγBT/2ω which leads to ALP-photon oscillations.
(We always use natural units with ~ = c = kB = 1.)
The ALP dispersion relation is ω2 − k2 = m2a, providing
the refractive index χa = −m2a/2ω2. An analogous ex-
pression pertains to photons where the plasma frequency
ω2pl = 4piαne/me is the effective photon mass.
More important for TeV γ-ray dispersion is the B-
field itself due to an effective photon-photon interac-
tion mediated by virtual e+e− pairs. At low ener-
gies, it is described by the Euler-Heisenberg Lagrangian
Lγγ = (2α2/45m4e) [(E2 −B2)2 + 7(E ·B)2], which how-
ever also pertains to background photons. The overall
electromagnetic (EM) energy density ρEM =
1
2 〈E2 +B2〉
produces [45–50]
χEM =
44α2
135
ρEM
m4e
, (1)
implying spacelike dispersion ω2 − k2 = −2χEMω2, i.e.,
a “negative effective mass-squared.”
Large-scale fields or nonisotropic background photons
imply further geometrical factors depending on direction
of motion and polarization. If the EM background is
a homogeneous B-field, the dispersion of A‖ receives a
factor1 (21/11) sin2 θ, whereas A⊥ a factor (12/11) sin2 θ
1 In an earlier version of this Eprint, published in PRD, we had
given 14/11 and 8/11 for these coefficients, respectively, a factor
2/3 smaller. We had mistakenly included 〈sin2 θ〉 = 2/3 in these
expressions. We thank M. Roncadelli for pointing out this er-
ror. Notice that for an isotropic gas of unpolarized test photons,
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2[50–54]. Here, θ is the angle between the photon and B-
field directions, i.e., only the transverse field strength BT
enters. These results correspond to what has been used
in studies of TeV γ-ray propagation.
A minimal EM energy density everywhere is ρCMB =
(pi2/15)T 4 = 0.261 eV cm−3 provided by the cosmic mi-
crowave background (CMB), where we have used T =
2.726 K, leading to
χCMB = 0.511× 10−42 . (2)
A typical galactic B-field of 1 µG corresponds to ρEM =
0.0248 eV cm−3, so the CMB dominates by a factor of
ten. Depending on the environment, dispersion of TeV
gamma rays involves the CMB and possible larger local
radiation densities. This insight is our main point.
II. PHOTON-ALP OSCILLATIONS
To develop a sense of the quantitative importance of
this effect we consider γa conversion in the Galaxy. We
consider propagation in the x direction in a transverse
B-field, leading to
− i∂x
(
A‖
a
)
=
(
χtotω gaγB/2
gaγB/2 −m2a/2ω
)(
A‖
a
)
. (3)
Here, χtot = χCMB +χB with the CMB and B-field con-
tributions. In addition, there can be contributions from
other photon populations. The oscillation probability
(distance L) is
Pγ→a = (∆aγL)2
sin2(∆oscL/2)
(∆oscL/2)2
, (4)
where ∆aγ = gaγB/2 and the “oscillation wave number”
is ∆osc = [(χEMω +m
2
a/2ω)
2 + (gaγB)
2]1/2.
In the Galaxy, magnitudes of the matrix components
in typical scenarios are2
gaγB/2 = +1.52× 10−2 kpc−1 g11BµG , (5a)
χCMBω = +0.80× 10−4 kpc−1 ωTeV , (5b)
χBω = +1.44× 10−5 kpc−1 B2µGωTeV , (5c)
−m2a/2ω = −0.78× 10−4 kpc−1 m2neV/ωTeV , (5d)
−ω2pl/2ω = −1.08× 10−10 kpc−1 n3/ωTeV , (5e)
where g11 = gaγ/(10
−11 GeV−1), BµG = B/(1 µG),
ωTeV = ω/(1 TeV), mneV = ma/(10
−9 eV) and n3 =
ne/(10
−3 cm−3). For completeness we have included the
electron contribution, which is completely negligible.
averaging over directions leads to 〈sin2 θ〉 = 2/3 and averaging
over polarizations leads to (1/2) × (21/11 + 12/11) = 3/2, i.e.,
their average dispersion in a B-field is indeed given by Eq. (1).
2 In the expression for χB we now include the factor 21/11 for A‖.
The term gaγB/2 exceeds all others, corresponding to
maximal mixing. Indeed, the considered ALP masses
are in the neV range to achieve this effect. The ALP and
photon dispersion relations have opposite sign (timelike
vs. spacelike) so that the two effects add up in the expres-
sion for ∆osc. They cannot cancel each other and must
be separately small to achieve large mixing.
Therefore, γγ dispersion will be unimportant only if
χEMω  gaγB. The above parameters satisfy this condi-
tion, but maximal mixing can be lost, and γγ dispersion
becomes important, for smaller gaγ or weaker B (e.g. in
intergalactic space). Likewise, ω & 100 TeV, keeping all
else fixed, implies χCMBω ∼ gaγB.
Moreover, the radiation fields in the Galaxy, in the
TeV source regions, and the EBL provide additional con-
tributions. However, these photons typically exceed the
pair-production threshold so that we need to go beyond
the low-energy limit to estimate their dispersive effect on
TeV γ propagation.
III. BEYOND EULER-HEISENBERG
So far, our results apply when pair creation can be ne-
glected. In a static B-field, this is true when the dynam-
ical parameter eBω/2m3e = 2.21 × 10−14BµGωTeV  1
[52–54]. This condition is easily fulfilled in our context.
Pair production in the CMB becomes important for
ω & 100 TeV. However, for TeV γ rays propagating in
the EBL or the galactic star light, the Euler-Heisenberg
limit breaks down. The only pertinent literature is John
Toll’s often-cited PhD Thesis (1952) [51] which we have
actually found in our library. However, his results may
be incorrect3 and we perform our own analysis.
The dispersive part χ of the refractive index is related
to the imaginary part κ = Γ/2ω (absorption rate Γ) by
the Kramers-Kronig relation [51, 55, 56]
χ(ω) =
1
pi
−
∫ ∞
0
dω′
Γ(ω′)
ω′2 − ω2 , (6)
where the integral denotes the Cauchy principal value.
We assume background photons with number density nB,
energy ωB, and direction θ relative to the test photon.
Then Γ = (1−cos θ)nBσγγ , where σγγ = (piα2/2m2e) f(u)
is the total γγ → e+e− cross section [57–59]. Here u =
ω/ω0 and ω0 is the threshold energy for pair production
3 Toll writes that he has solved the Kramers-Kronig integral ana-
lytically (his Eq. 2.2-10), but the result on p. 54 fails to define his
quantity b. The plot of dσ/dΩ|forward in Fig. 2.2 B, which is pro-
portional to the squared forward-scattering amplitude and thus
to |1 − nrefr|2, does not have a zero. Our numerical integration
of his equations does not reproduce his Fig. 2.2 B.
3defined by ω0ωB(1− cos θ) = 2m2e and
f(u) =
4u(u+ 1)− 2
u3
log
(√
u+
√
u− 1)
− 2(u+ 1)
√
u− 1
u5/2
. (7)
We show this function in Fig. 1 as a black line. The
dispersive part of the refractive index therefore is
χ(ω) = χEM
3(1− cos θ)2
4
g0(ω/ω0) , (8)
where χEM is given in Eq. (1) with ρEM = nBωB and
g0(u) =
45
44
−
∫ ∞
1
du′
f(u′)
u′2 − u2 . (9)
In the limit u = 0 we find g0(u) = 1. Taking the angle
average in Eq. (8) we find 12
∫ +1
−1 (1 − cos θ)2d cos θ = 43 ,
i.e., the Kramers-Kronig transformation reproduces the
Euler-Heisenberg result stated earlier.
We note that background photons collinear with the
test photon produce no refractive effect, head-on moving
ones produce the largest effect. This behavior is similar
to neutrino-neutrino refraction, although for neutrinos
the factor is only 1 − cos θ. Of course, the origin of the
angle dependence is very different in the two cases.
We show g0(ω/ω0) in Fig. 1 as a blue line and note
that it has a cusp at the pair-creation threshold ω = ω0,
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FIG. 1: Photon-photon dispersion as a function of energy.
Black line: Absorptive part f(ω/ω0) defined in Eq. (7). Blue
line: Dispersive part for background photons with fixed en-
ergy and fixed direction, g0(ω/ω0), defined in Eq. (9). Green
line: Angle average for isotropic distribution with fixed en-
ergy ωB, g1(ω/ω1), defined in Eq. (10). Red line: Thermal,
isotropic average, g2(ω/ω2), defined in Eq. (11).
it crosses zero at ω = 2.5661ω0, and then approaches
zero asymptotically from below. Unsurprisingly, the dis-
persion relation becomes timelike for high energies.
However, it does not approach the form of an effective
mass, i.e., g0(u) does not become proportional to −1/u2
for high energies. Note that f(u) ∝ u−1 log(u) for large
u and the integral
∫
du′f(u′) does not converge. In this
context we note that for very large photon energies, the
process γγ → e−e+e−e+ acquires a constant cross section
of order α4/m2e and thus becomes more important than
γγ → e−e+ [50, 60]. However, this very high-energy
behavior is not important in our context.
Next we consider an isotropic distribution of back-
ground photons with fixed energy ωB. As a fiducial en-
ergy we now use the pair-creation threshold ω1 = m
2
e/ωB
for a head-on moving photon. The refractive index is
then χ(ω) = χEM g1(ω/ω1), where
g1(v) =
3
8
∫ +1
−1
dµ (1− µ)2 g0
(
v
1− µ
2
)
(10)
is the angle average with µ = cos θ. We plot g1(v) in
Fig. 1 as a green line.
Finally we consider a grey-body photon distribution
with fixed energy density ρEM and thermal spectrum. As
a fiducial energy we use ω2 = m
2
e/〈ωB〉 in terms of the
average 〈ωB〉 = (pi4/30ζ3)T ≈ 2.701T . The refractive
index is then χ(ω) = χEM g2(ω/ω2), where
4
g2(w) =
15
pi4
∫ ∞
0
dx
x3
ex − 1 g1
(
w x
30ζ3
pi4
)
(11)
is the thermal average in terms of x = ωB/T . We plot
g2(w) in Fig. 1 as a red line. It crosses to negative values
at approximately ω = 6.25ω2 = 2.31m
2
e/T and reaches
its minimum of −0.043 at ω = 12.3ω2 = 4.55m2e/T .
We conclude that for a given ρEM, low-energy back-
ground photons below the pair threshold are most im-
portant for dispersion, whereas photons around the pair
threshold are most important for absorption. In inter-
galactic space, the EBL is the most important photon
population for the absorption of TeV γ rays, but ρEBL is
only about 0.10 ρCMB. For TeV photons, the CMB is far
more important for dispersion than the EBL.
4 In earlier versions of this Eprint and in the version published in
PRD we had taken the average over the number distribution of
background photons rather than their energy distribution, i.e.,
we had used x2 in the integrand instead of x3 and concomitant
normalization factor 1/(2ζ3) instead of 15/pi4. This correction
has also changed the red line in Fig. 1 and the zero intercept
and minimum given after Eq. (11). Figures 2 and 3 have also
been updated, where only the CMB curves were affected by this
oversight. There is no change of the overall results of this paper.
We thank Hendrik Vogel and Ranjan Laha for spotting this issue.
4IV. LOCAL RADIATION DENSITY
The radiation density in the Galaxy can far exceed
the CMB. The main component is star light (SL) which,
however, is partly processed by dust to form infrared ra-
diation (IR). In Fig. 2 we show the estimated spectral
energy distribution of these components in the Galaxy
near the solar neighborhood [61–63]. The IR energy den-
sity is comparable to the CMB whereas the SL provides
about 2.6 times more energy. At smaller galactocentric
distances, the non-CMB contributions are much larger.
Another way of estimating the importance of star light
is to use the total galactic luminosity of about 5×1010 L
and, if the source were concentrated at the galactic cen-
ter, would provide ρEM/ρCMB ∼ (12 kpc/r)2. Of course,
the disk geometry requires a detailed model, e.g., the one
of the GALPROP code [63] that we used for Fig. 2.
The corresponding γγ refractive index is shown in
Fig. 3 as a function of the test-photon energy. For
FIG. 2: Interstellar radiation field in the Galaxy near the Sun
[61, 62], consisting of the CMB, infrared radiation (IR) and
star light (SL). (Extracted from the GALPROP code [63] and
available in Ref. [64].)
FIG. 3: Photon-photon dispersion in the solar neighborhood
based on the EM radiation field components shown in Fig. 2.
ω . 200 GeV, all background radiations contribute es-
sentially with their Euler-Heisenberg strength, whereas
for higher energies, first the star light and then the in-
frared radiation drop out. The CMB contribution be-
comes small and finally negative only at ω & 2000 TeV.
V. OTHER EFFECTS
Photon-photon refraction leads to deflection, e.g., in
the radiation field of the Sun. In the Euler-Heisenberg
limit and for photons grazing the Sun, we find an energy-
independent deflection of 6.7×10−24 arcsec, much smaller
than the gravitational deflection of 1.75 arcsec. Photon-
photon dispersion matters only in the context of γ-ALP
oscillations where interference with the ALP dispersion
enhances the effect
In the early universe, there is a brief epoch when γγ
dispersion dominates. As the universe cools, the e+e−
density is ne−e+ = 2
1/2(meT/pi)
3/2e−me/T , producing
ω2pl = 4piαne−e+/me = 6.08× 109 eV2(T/me)3/2e−me/T .
Photons provide χEM = 1.676× 10−16 T 4keV, correspond-
ing to m2eff = −2χEMω2 and a thermal average 〈m2eff〉 ∼
−3.47 × 10−9 eV2 T 6keV. This is similar to −ω2pl at
T = 30 keV, in agreement with the crossover shown
in Fig. 3.6 of Ref. [50]. The cosmic e/γ ratio is about
5.3× 10−10 so that ω2pl = 2.32× 10−8 eV2 T 3keV. It takes
over from γγ dispersion at T ∼ 2 keV.
Therefore, in the primordial plasma, γγ dispersion
dominates when 2 keV . T . 30 keV, providing photons
with a spacelike dispersion relation. Note, however, that
the photon gas does not support longitudinal excitations
and does not contribute to Debye screening [49].
We also mention a recent study of the impact of
photon-photon interaction on the polarization of CMB
photons after recombination [65], although the effect
looks extremely small. Photon-photon interaction is a
polarization-dependent effect and therefore can lead to
nontrivial birefringence effects [66, 67].
VI. CONCLUSIONS
A photon gas is a dispersive medium for photon propa-
gation. The ubiquitous CMB alone produces nrefr = 1 +
0.511× 10−42, independently of energy if ω . 1000 TeV.
This tiny effect dominates the dispersion of TeV gamma
rays and, while it has always been ignored, can modify
the oscillation between TeV gamma rays and axionlike
particles in astrophysical magnetic fields.
If the energies of the background photons exceed the
pair-creation threshold, the dispersion effect decreases,
i.e., soft background photons are more important. There-
fore, even though radiation in the Galaxy or the source
regions can far exceed the CMB, their harder spectra
prevent them from having a large impact on dispersion
except for relatively small energies of ω . 100 GeV. On
the other hand, γγ dispersion is weaker for smaller ω,
5so while the relative importance of local radiation fields
is larger for smaller ω, the absolute importance of the
overall effect decreases.
Photon-ALP oscillations depend on the aγ interaction
strength, the B-field strength and spatial distribution,
the ALP mass, the photon energy, and, as a new in-
gredient, the density and spectrum of background pho-
tons. It is fortuitous that for many scenarios considered
in the literature, γγ dispersion will be a benign effect
and does not exclude that ALPs could be important for
TeV gamma propagation in the universe. On the other
hand, the effect is large enough that it cannot be sum-
marily dismissed—its quantitative importance has to be
evaluated in every individual case.
TeV gamma rays propagating in the universe provide
an intriguing example where γγ dispersion, despite its
intrinsic weakness, can be of practical interest.
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